Abstract: This review highlights the tool box for the development of continuous green/sustainable processes aimed at the synthesis of fine chemicals. By combining either chemical and/or biological catalysts with biphasic systems based on neoteric solvents, e.g. ionic liquids (ILs) and supercritical carbon dioxide (scCO2), interesting alternatives to organic solvents for designing continuous clean (bio)transformations methods are growing that directly provide pure products. The classical advantages of scCO2 -its ability to extract, dissolve and transport chemicals-are complemented by the high catalytic efficiency of enzymes in ILs. Enzyme behavior in scCO2 and ILs, as well as the phase behavior of ILs/scCO2, are key parameters for carrying out integral green bioprocesses in continuous operation. The preparation, main characteristics and advantages of monolithic microreactors and miniflow reactors for the synthesis of fine chemicals by continuous flow (bio)catalytic processes are underlined. Examples where the use of continuous flow techniques for multi-step synthesis enables multiple reaction steps to be combined into a single continuous operation are provided.
One of the major challenges to be faced by the chemical industry is the development of more efficient and environmentally friendly synthetic processes. In this context, great efforts have been made aiming at process improvement, to fulfil increasing demands for sustainable manufacture and chemical products applications. Reduction and/or elimination of hazardous substances, such as volatile organic solvents (VOS) is one of the main endeavour [1, 2] . Indeed, VOS often account for the vast majority of mass wasted in synthetic processes [3] . Furthermore, many conventional solvents are toxic, flammable, and/or corrosive. Their volatility and solubility contribute to air, water and land pollution, increase the risk of workers' exposure, and can lead to serious accidents. Thus, in an effort to address all those shortcomings, chemists started to search for safer new environmentally benign solvents or green solvents, which could be easily be recovered -recycled and would still allow performing efficient catalysis. These alternative solvents should fulfil a series of environmental, health and safety requirements while contributing to process and chemical performance (see Fig.  1 ). In this respect, ionic liquids (ILs) [4] , supercritical fluids (SCFs) [5] , and the synergetic combination of both neoteric solvents has emerged as a arguable answer. As such, they received an increasing attention in the past few years by both industry and academia as real solvent alternative [6] . The discovery that ILs and scCO 2 form biphasic systems was crucial for further developments in nonaqueous multiphase green catalytic synthetic transformations, and *Address correspondence to this author at the Departamento de Bioquímica y Biología Molecular "B" e Inmunología. Facultad lead to processes where most of these requirements, in principle, can be satisfied [7] .
Wastes formation in organic synthetic processes is crucial and often related to the traditional use of a stoichiometric amount of reagents, especially in custom synthesis and fine chemicals production [8] . The proper use of catalytic [9] and engineering [10] methodologies can significantly improve energetic and synthetic efficiencies, processes selectivity, while reducing the production of concomitants. In this regard, biocatalysis based processes have enormous potential, since they are able to increase stereo-, chemoand regio-selectivities in a vast number of chemical transformations [11] . Besides, a great variety (more than 13,000) enzymecatalyzed reactions have been successfully demonstrated at the laboratory scale, offering clear advantages for enantiopure fine chemicals synthesis when compared to every other catalysts [12] . As a result, chemical industry is exploring its great potential to manufacture both bulk and fine chemicals [13] .
In principle, biocatalysts can be considered as ideal green catalysts as they operate highly selectively under mild energy requirements and in water as clean solvent. Nevertheless, this is hampered to some extent by the very low solubility of most organic chemicals in water, as well as by the non inert character of water, which usually leads to undesired side reactions [14] . A wider applicability of the biocatalytic processes is highly desirable. Thus, Chemistry and Biochemistry communities are eager to develop more efficient biocatalytic processes. In this context, neoteric solvents were shown to overcome some of the previously mentioned shortcomings, while satisfying environmental demands.
In the past few years, the substitution of batch processes by flow ones constituted an additional factor which contributed implementing chemical transformation sustainability [15] . Flow processes are related to numerous advantages, including better mass and heat transfer, leading to significant process intensification. These proc-esses can operate 24 h a day, 7 days a week, and can be optimized easily through fine adjustments of simple parameters such as flow, pressure or temperature. Additionally, flow processes scale-up is facilitated when compared to batch processes, via scaling-out or the numbering-up for example.
Most important commercial chemical products, in terms of added value, are chiral particularly in fine chemicals and pharmaceutical industry [16] . Thus, in the next years will arise a large number of applications for the preparation of commercial relevant chiral compounds under flow conditions using highly selective catalysts as biocatalyst [17] . As a matter of fact, recent years have seen the blossoming of new developments in the field of the application of flow processes in complex organic syntheses [18] . Nevertheless, the application of those approaches to asymmetric synthesis has been, until now, much more limited [19] . Regarding biocatalysis, although most examples involve batch processes, many continuous biocatalytic processes are known using conventional solvents. Biocatalytic flow processes under nonconventional conditions present additional advantages. Indeed, flow processes operate above atmospheric pressure, therefore enabling fluids utilization above their boiling point just by including a retention valve at the exit of the reactor. This kind of reactors allow the practical use of superheated solvents [20] and with supercritical fluids, including scCO 2 [21] . Considering the excellent compatibility of scCO 2 with many ionic liquids (ILs), as well as the efficient stabilization reported for numerous enzymes in ILs [22] , enzymes immobilization in an ionic liquid phase opens the way for the simultaneous immobilization, stabilization of enzymes and use in continuous systems. It would provide an highly efficient processes facilitating the separation of the products and long term use of biocatalysts [22, 23] .
This review is not intended to be comprehensive [24] , but rather to present a general overview of the potential approaches to develop different strategies moving towards more efficient greener biocatalytic synthetic platforms based on the right combination of biocatalysis in neoteric solvents and engineering developments required for continuous flow process (Fig. 2) .
(BIO)CATALYTIC CONTINUOUS PROCESSES IN SU-PERCRITICAL FLUIDS (SCFS)
A supercritical fluid (SCF) is defined as a state of matter at a pressure and temperature higher than its critical point, but below the pressure required to condense it into a solid. SCFs are characterized by gas like viscosities and solvating properties of a wide range of various organic solvents. Tuning physical properties of these solvents simply by adjusting the pressure and temperature is unique to supercritical systems, which show exceptional abilities for extraction, reaction, fractionation and analysis processes. The key feature of SCFs is the sensitivity of the fluid density to both pressure and temperature, especially in the critical point vicinity. Indeed, owing to these properties, environmentally benign carbon dioxide in its supercritical fluid state (scCO 2 ) has great potential to develop cleaner alternative processes. It allows for the total or partial substitution of most common volatile organic solvents (VOS) [25] .
SCFs have been widely used as solvent in different processes [26, 27] . In general, SCFs present a reduced mass-transfer [28] , tuneable solvent properties [29] , which can lead to considerable changes in the chemo-, regio-and stereoselectivity outcome of the chemical reaction [30] . Furthermore products can be easily freed from solvent traces, which is highly attractive as alternative reaction medium for food and pharmaceutical products. Hence, great number of chemical processes have been developed at both lab and industrial levels using SCF as reaction media [5, 25] .
If the appropriated set of conditions are selected, enzymes are catalytically active in SCFs [21, 31] . In general, SCFs with low critical temperature are required as proteins tend to denature at high temperature. Thus CO 2 , ethane, propane, butane, SF 6 , CHF 3 , are typical fluids suitable for biocatalysis under supercritical conditions. The scCO 2 is chemically inert, non-toxic, non-flammable, cheap and readily available. With relatively low critical parameters (e.g. Pc = 73.8 bar; Tc = 31.0ºC), it remains by far the most popular supercritical solvent for biocatalysis, although some processes have been also assayed in other SCFs [32] .
Most biocatalytic processes screening in SCFs are performed in high pressure batch vessels. However, continuous flow processes present a series of practical and technical advantages [17] . Biocatalytic flow processes allow continuously reactor feed with substrates, facilitate mass transfer, an easy control of the experimental conditions (pressure, temperature, flow, etc) and the product isolation and purification. Besides, immobilized enzymes onto solid supports can be used in packed bed reactor leading to a simple continuous enzyme reuse analogous to consecutive cycles without depressurisation requirements [33] . These pressurisation/depressurisation steps, compulsory in batch mode, have a detrimental impact on enzyme activity [22] . In addition to favouring the long-term stability of the biocatalyst, continuous processes avoid downtime, and consequent loss of productivity. Additionally to this loss in enzyme activity, decompression accounts for the single largest energy consumption in a scCO 2 process. Thus, performing reactions in series has a considerable advantage over performing the reactions separately because there is no requirement for the SCF to be depressurized between reactions. The productivity is also favoured by instant catalytic ratio between enzyme and substrate given in a flow sys- tem, which is significantly higher in fixed-bed continuous reactors than in conventional batches. Furthermore, as some enzymatic reactions are inhibited by products, or side products, constant removal of the inhibitory substance clearly improve the efficiency of the process [34] .
In general, temperature, pressure, reaction dilution and flow rates are experimental variables used to optimise a synthetic transformation in a continuous biocatalytic processes. As an example, the production of long-chain fatty acid esters (e.g. alkyl oleate) is of great interest for cosmetic, pharmaceutical and lubricant industry. Thus, the esterification between oleic acid and 1-octanol (Fig. 3A) catalysed by Rhizomucor miehei lipase (Lipozyme RM) immobilized on a macroporous anion exchange resin has been studied. In a first example, this reaction was performed in batch and continuous packed-bed reactor using dense CO 2 as solvents (Fig. 3B) , being able to reach up to 93% conversion under the optimised conditions, and the productivity was maintained for long-term period (50 days) without any significant reduction. Noticeably, yields under continuous conditions were 10% higher than those observed in batch processes [35a] . However, the design of such enzymatic reactor under supercritical conditions is key feature, because mass-transfer limitations, environmental conditions (pressure and temperature) and product recovery can easily be controlled to improve results. In this context, (Fig. 3C) shows a recycling packed bed enzyme-reactor designed at pilot scale for Lipozyme ® -catalyzed ethyl oleate synthesis by esterification from oleic acid and ethanol in scCO 2 . The proposed system was coupled with a series of four high-pressure separator vessels, where a pressure cascade was produced by backpressure valves, allowing continuous recovery of the liquid product at the bottom of each separator, and recycling of untransformed substrates [35b].
Packed bed reactors containing supported reagents, scavengers and (bio)catalysts can be easily set-up in flow sequential assembling opening the way to produce multistage chemical reactions [15] . This enables the design of cascade multiple-stage chemocatalytic and biocatalytic processes, and easily increases of the complexity and value of synthesized products. In this regard, Poliakoff and co-workers reported a tandem palladium (Pd)-catalysed hydrogenation of acetophenone followed by a lipase-catalyzed kinetic resolution of the resulting sec-alcohol in scCO 2 [36] . The use of cross-linked enzyme aggregates (CLEAs) was a superior biocatalyst than the classical immobilized enzyme derivative (Novozym 435) (see Fig. 4 ). This work clearly shows how performing reactions in series displays a considerable advantage over performing the reactions separately related to the absence of SCF depressurization between reactions. Therefore, the economic productivity of the overall process was increased when a metal-catalyzed reaction was combined with a selective biocatalytic reaction in a multiple-step synthesis in scCO 2 .
Biocatalytic transformations induced by cells as biocatalysts are also possible in continuous flow processes involving scCO 2 . Thus, immobilized resting cells of G. candidum were used for the continuous reduction of cyclohehanone under supercritical conditions [37] . The biocatalyst was recycled up to four times with only a slight loss in activity (see Fig. 5) . Recycling was not possible using the corresponding batch system because biocatalysts did not tolerate both repeated depressurization at a very low temperature and separation of the product from the biocatalysts using organic solvents. This method was also applied for the asymmetric reduction of o-fluoroacetophenone, achieving excellent enantioselectivity (ee >99%) and a higher space-time yield than the corresponding batch process (0.24 mol.min -1 vs. 0.13 mol.min -1 , at 35°C and 100 bar).
As an alternative to packed bed reactors for biocatalytic processes in SCF high-pressure continuous membrane reactors have been also assayed with a variety of assemblies [38] . For example, reactors based on a high-pressure continuous enzymatic flat-shape membrane were applied as separation units to retain the biocatalyst in the system (10,000 Da. MW cut-off) without the need of depressurization. This type of reactor allowed the hydrolysis of octyl oleate in propane and the hydrolysis of sun flower oil in scCO 2 , catalyzed by non-immobilized lipases from C. cylindracea and A. niger respectively [39] .
Alternatively, tubular membrane reactors can also be considered for designing continuous biocatalytic processes in SCF. Furthermore, these membrane reactors constitute an attempt to combine catalytic conversion, product separation and/or concentration and catalyst recovery into a single operation. As a matter of fact, the hydrolysis of carboxy-methylcellulose in scCO 2 was assayed using a high-pressure continuous enzymatic tubular membrane reactor. In this system, cellulase from Humicola insolens was covalently attached on a ceramic tubular membrane, which was previously coated with hydrophilic inert polymer [38] . In another example, enzymatic dynamic membranes are formed by depositing water-soluble polymers (e.g. gelatine, polyethyleneimine, etc) on a ceramic porous support. This alternative reactor is a porous membrane contactor along and through, which substrates are continuously flowing. It was firstly applied for CALB-catalyzed butyl butyrate synthesis in continuous way under supercritical conditions (Fig. 6) . The reactor was operated in daily cycles (6 h of continuous synthetic process in the selected conditions, and 18 h of storage into the reactor at room temperature), showing an excellent operational behaviour, without practically any loss in activity during the assayed time (half-life time higher than 360 cycles). The better enzymatic activity exhibited by the dynamic membrane in scCO 2 with respect to the organic solvents clearly showed the necessity of a relevant selection of experimental conditions set and reactor design in order to avoid the possible adverse effects of CO 2 on enzyme activity [40] . Furthermore, dynamic enzymatic membranes were also used for the lipase-catalysed interesterification between castor oil triglycerides and methyl oleate. The feasibility of this new process was demonstrated on a cross-flow filtration unit operating under scCO 2 conditions, showing high activity and stability of immobilized lipases [40b].
CONTINUOUS FLOW BIOCATALYSIS IN ILS SYSTEMS
Ionic liquids (ILs) are other exceptionally non-aqueous alternative reaction media for both chemocatalytic [41] and biocatalytic processes [42] . Regarding biocatalysis in ILs a large number of Fig. (4) . Pd-catalyzed hydrogenation of acetophenone coupled with CLEAs-catalyzed kinetic resolution (KR) of the resulting rac-1-phenylethanol in scCO2 [36] .
Fig. (5).
Biocatalytic reduction of ketones in scCO2 [37] . enzymes (e.g. lipases, proteases, peroxidases, dehydrogenases, glycosidases) have been tested in either monophasic or biphasic liquid systems based on ILs [43] , due to their great ability to dissolve both polar and non-polar compounds [44] . However, lipases are by far the most used biocatalysts in water-immiscible ILs. They are used for the synthesis of aliphatic and aromatic esters, chiral esters by kinetic resolution of racemic alcohols, carbohydrate esters, polymers, etc. Additionally, the excellent stability displayed by enzymes in water-immiscible ILs for reuse and under high temperatures has been widely described [45] . Concerning medium engineering for biotransformations in ILs, it has been reported that ILs improves activity (e.g. synthesis of aliphatic esters [46a], synthesis of acyl L-canitine) [46b] or selectivity (e.g. KR of rac-menthol [46c], KR of rac-3-phenyllactic acid) [46d] displayed by the enzyme with respect to that observed in organic solvents, although there seem to be no rules for predicting the outcome.
In general, both monophasic and biphasic ILs biocatalytic processes are performed in batch. Despite of excellent catalytic performance, those systems show some limitations regarding biocatalysts reuse and products recovery, which are also key concepts green chemical bioprocess development. The separation of products from enzyme-ILs phase can be facilitated by the inherently low vapour pressure of ILs allowing for easy removal of volatile substances. Thus, products isolation can be carried out by sublimation or distillation [47] . However, such methods are too energetically intensive for application on larger scale. Alternatively, liquid-liquid extraction with organic solvents is the most commonly used approach for products recovery in monophasic batch ILs system. The use of these additional organic solvents must be considered as a clear breakdown regarding process greenness [1, 22] .
(Semi)continuous processes based on membrane technology (e.g. pervaporation) [48] [49] [50] can help to overcome these limitations, allowing products separation from the ionic liquid phase and reuse of the enzyme. For example, the immobilized CALB (Novozym 435) in [Bmim] [PF 6 ] catalyzed the esterification of acetic acid with ethanol in a membrane reactor. It allowed removing both the ethyl acetate and water produced by a double pervaporation system using hydrophobic and hydrophilic membranes, respectively, in continuous operation for 72 hours without any loss in the enzyme activity (see Fig. 7 ).
CONTINUOUS FLOW BIOCATALYSIS IN IL/SCCO 2 BIPHASIC SYSTEMS
The classical advantages of scCO 2 to extract, dissolve and transport chemicals are tarnished in enzymatic processes because of its denaturative effect on enzymes, while ILs have shown themselves to be excellent stabilizing agents of enzymes. In this context, the use of IL/scCO 2 biphasic systems as reaction media for enzyme catalysis has opened up new opportunities for integral green processes development of in non-aqueous environments, following the pioneering work of Brennecke's group in 1999 who showed that ILs (e.g. [Bmim][PF 6 ]) and scCO 2 form biphasic systems [7a]. Additionally, although scCO 2 is highly soluble in the IL phase and is able to extract previously dissolved hydrophobic compounds (e.g. naphthalene), reversely the same IL cannot be detected in the scCO 2 phase [51] . This discovery was crucial for further developments in multiphase green (bio)catalytic processes involving both chemical transformation and extraction steps [52] . Catalysis in multiphase operation offers promising opportunities for developing continuous chemical processes (e.g. the catalyst operates in one phase and the product is continuously delivered and extracted in the second phase) [53] .
Multiphase systems for biocatalysis based on ILs and scCO 2 were originally described in 2002, and were the first operational approach for the development of fully green chemical processes in non-aqueous environments [54] . Using this approach, the scCO 2 flow can serve both to transport the substrate to the IL phase containing the biocatalyst, and to extract the product(s) from the IL phase. Subsequently, product(s) are obtained free from IL and from other organic solvent residues by SCF decompression, whereas CO 2 can be recycled by re-compression. Additionally, if the reaction product does not require any further purification, the approach enhances the economic benefit of the process, because the system runs as a black-box able to transform pure substrates into pure products without waste generation. By using this approach, continuous green biphasic biocatalytic systems in non-aqueous environments have been designed by dissolving free enzymes into the IL then adsorbed onto a solid support, or by coating supported enzymes molecules with IL. Biotransformations then occur into an IL phase (catalytic phase), while substrates and products remain largely in the SCF phase (extractive phase) (Fig. 8A) .
The system was firstly tested for two different reactions catalyzed by CALB: aliphatic esters synthesis by transesterification between 1-alkanols and vinyl esters (e.g. butyl butyrate from vinyl butyrate and 1-butanol), and the kinetic resolution of rac-1-phenylethanol in a wide range of conditions (100-150 bar and 40-100ºC, see Fig 8B) . Under these conditions, the enzyme showed an exceptional level of activity, enantioselectivity (ee> 99.9) and operational stability (e.g. the enzyme only lost 15% activity after 11 cycles of 4 h) [54a] . Thus, excellent results can also be obtained for biotransformations in scCO 2 using the enzyme coated with ILs even under extreme conditions, such as 100 bar and 150ºC [55] . Further studies on these IL-scCO 2 biocatalytic systems attempted to understand mass-transport importance between both neoteric phases. By using two similar ILs with different degrees of hydrophobicity on the cation chain, [Btma][NTf 2 ] and [CN(CH 2 ) 3 NMe 3 ][NTf 2 ], six different short chain alkyl esters (e.g. from butyl acetate to octyl propionate) were continuously synthesized by using CALB in scCO 2 (see Fig. 9 ). The Hansen's solubility parameter ( ) was used as criterion to compare substrates, products and ILs hydrophobicity, the latter depending mostly on the main alkyl chain of cations. Similar values of for reagents and IL resulted in a clear improvement of productivity, as a consequence of the better mass-transfer phenomena between IL and scCO 2 phases [56] .
A further step towards green biocatalysis in ILs/scCO 2 biphasic systems was the appropriate selection of acyl donor in the CALBcatalyzed kinetic resolution (KR) of rac-1-phenylethanol for including the product selective separation step in the full process. By using vinyl laurate as acyl donor, R-1-phenylethyl laurate can be selectively separated from unreacted S-1-phenylethanol with scCO 2 using two different cryo-traps (see Fig. 10 ). This process takes advantage of the solubility difference of a compound in scCO 2 , which depends on both the polarity and vapour pressure. Thus, if the alkyl chain of an ester product is long enough, its low volatility implies a lower solubility in scCO 2 than the corresponding alcohol. Using this experimental approach, the introduction of two additional separation chambers connected with cryo-traps in the reactor, and the selection of an appropriate pressure and temperature, resulted in selective separation of the synthetic product and the unreacted alcohol from the reaction mixture (66% yield, ee>99.9%) [57] . Thus, good conditions for reaction and separation were obtained through synergetic combination of continuous process, IL/scCO 2 and acylating agent nature.
Two final approaches are worth mentioning which push forward the excellences of IL-scCO 2 biphasic systems. Multicatalytic processes and reaction systems with a reduced amount of ILs were developed using supported ionic liquid covalently attached to the support. Integrated multicatalytic processes, whereby one initial substrate is catalytically transformed into one final product by two or more consecutive catalytic steps in the same reaction system, is of great interest for developing future chemical industry [58] . On the other hand, some ILs can display some drawbacks, such as a 
Fig. (8). A)
Continuous green enzymatic process working in ILs/scCO2 biphasic system. B) KR of rac-1-phenylethanol by using vinyl propionate as acyl donor. S, Substrate; P, Product.
lower biodegradability and higher (eco)toxicity, therefore favouring reaction systems based on reduced amounts of ILs [59] .
Enzyme-catalyzed kinetic resolution (KR) is probably the most widely used method for separating the two enantiomers of a racemic mixture, the chemical yield of the process being limited to 50%. However, this drawback can be overcome by combining the enzymatic KR with in situ racemisation of the undesired enantiomer, using so-called dynamic kinetic resolution (DKR), which theoretically permits to reach up to 100% of one enantiomeric product. For example, the DKR of rac-1-phenylethanol was carried out by combining immobilized lipase (Amano PS CI) with a chemical catalyst (either the metal catalyst [Ru(p-cymene)Cl 2 ] 2 , or the acid catalyst Nafion ® ) in a discontinuous way, and without the presence of ILs in scCO 2 at 100 bar and 40ºC (see Fig. 11 ) [60] . By this approach, the R-product yield (70% Ru-catalyst; 85% Nafion) was improved, as compared to the reaction carried out in hexane (30-35% yield), while products enantioselectivities were slightly higher in scCO 2 (96% Ru-catalyst; 85% Nafion) than in hexane (91%; 81%). The moderately low enantioselectivities obtained in the case of the acidic Nafion were attributed to the uncontrolled substrates esterification catalysed by this solid acid. A physical separation of the enzyme and the chemical catalyst, along with a continuous flow system would prevent this undesirable side reaction.
The continuous DKR processes of rac-1-phenylethanol were first carried out combining immobilized CALB with silica modified Fig. (9) . A) Enzymatic synthesis of alkyl ester in IL/scCO2 biphasic systems. B) Structures and names of assayed ILs [56] . Fig. (10) . A) KR of rac-1-phenylethanol by using vinyl laurate as acyl donor. B) Set-up of a reaction/separation system for continuous-flow combination of enzymatic kinetic resolution and enantiomer separation using an ionic liquid/scCO2 medium. P, Pressure control; T, Temperature control; F, Flow control [57] .
with benzenosulfonic acid groups as catalysts in a packed bed reactor under scCO 2 at 50ºC and 100 bar. 6 ]) at a 1:1 (w:w) ratio, to prevent enzyme deactivation by scCO 2 [61a]. A simple mixture of both catalysts resulted in a complete loss of activity, probably due to the acid environment around the enzyme particles. However, catalyst particles packed under three different layers, (immobilized enzymeacid catalyst -immobilized enzyme) physically separated by glass wool, led to encouraging results for the R-ester product (76% yield, 91-98% ee) [61a] . For this reactor configuration, the R-ester product yield may only tend to 100% if several enzymatic and acid catalyst layers are stacked in the packed bed, according to a dichotomic progression. It is also worth noticing how the presence of the undesired ester S-ester and hydrolytic products in the scCO 2 flow was enhanced when the acid catalyst particles were assayed without IL coating. The use of weaker solid acids, such as zeolites, as chemical catalyst clearly improved results.
In a further attempt to improve the catalytic system, four different zeolites were assayed as acid catalysts for in situ racemization of unreacted alcohol. In all the cases, the acid catalysts were coated with an IL (e. Fig. 12A and B) [63]. The best results (98% yield, 96% ee) were obtained for a heterogeneous mixture between fajausite-type zeolite (CBV400) particles coated with [Btma][NTf 2 ] and Novozym particles coated with the same IL. Due to the low acidity of the assayed zeolites, the packaging of the heterogeneous mixture of catalyst particles coated with IL did not result in any activity loss of the immobilized CALB during 14 days of continuous operation in CO 2 under different supercritical conditions. This work clearly demonstrated the exciting potential of multi-catalytic (enzymatic or Fig. (11) . DKR of rac-1-phenylethanol catalyzed by the combined action immobilized P. Cepacia lipase and a chemical catalyst (Ru(p-cymene)Cl2]2 metal catalyst or Nafion SAC 13 acid catalyst) [60] . chemo-enzymatic) systems in ILs/scCO 2 for synthesizing optically active pharmaceutical drugs by a sustainable approach.
A further step towards optimised IL/scCO 2 biphasic systems arose from the development of the immobilization of the ionic liquid species onto solid supports. The immobilisation facilitates the separation processes and avoids a possible accidental spill in the environment. Besides, it reduces the process cost as a minimal amount of IL is employed in catalytic processes in those biphasic systems [63] . The supported ionic species can be obtained either by adsorbing ILs onto solid supports (Supported Ionic Liquid Phases or SILPs) or by covalently bonding IL-like fragments on the surface of the solid support (Supported Ionic Liquid-like Phases or SILLPs) [64] .
There are only few examples of biocatalysis using covalently bonded supported ionic liquids. Thus, C. rugosa lipase has been immobilised on magnetic nanoparticles coated with supported ILs. Materials based on imidazoliun cations with different chain lengths (C-1, C-4 and C-8) and anions ([Cl] , [BF 4 ] and [PF 6 ]) were obtained by covalent bonding of ionic liquid-silane moieties on magnetic silica nanoparticles (55 nm diameter), which permits a high lipase loading (about 64 mg /100 mg carrier). Furthermore, the bound lipase activity was 18.3% higher than the native lipase for solvent-free oleic acid esterification with butanol at 30ºC [65] . Recently, horseradish peroxidase was encapsulated in microparticles composed of polymerized ionic liquid. The entrapped enzyme exhibited higher activity than with conventional polyacrylamide microparticles, and was easily recycled by centrifugation from reaction mixtures [66] .
The development of covalently Supported Ionic Liquid-Like Phase (SILLP) either by functionalization of the PS-DVB surfaces with IL-like (imidazolium) moieties or by polymerisation of the corresponding functional monomers has open a new way to greatly reduce the amount of ILs and to facilitate its full reuse/recovery in continuous green chemical processes. In this approach, ILs properties are transferred onto the solid phase leading to supported ionic liquid-like phase (SILLP), either in particles or monoliths. A large diversity of SILLPs, varying cation, anion, as well as support nature and loading, have been characterized, including their thermal stability and polarity [67] . Significant changes were found in resin thermal stability upon introduction of the imidazolium subunits onto Merrifield type resins (see Fig. 13A ). In general, it is worth noticing that the polymeric SILLPs thermal stability is increased as compared to that of the initial Merrifield resin. Thermal stability order
showing a similar trend to corresponding molecular ILs [68] .
Regarding polarity, Fig. (13B) depicts the behaviour of different SILLPs in water to illustrate the change in polarity induced by structural changes in the IL-like moieties. Methyl imidazolium groups have a big impact in the resulting materials polarity, changing from highly hydrophobic resin (SILLPs in floating on top) to very hydrophilic one (SILLPs depositing in the bottom). Counteranion exchange led to a middle situation for the [BF 4 ] case (SILLPs suspended in water) to again a very hydrophobic one ([NTf 2 ] floating SILLPs). These polarity changes have also been quantitatively demonstrated by using a ratiometric fluorescence probe such as pyrene, resulting in a SILLPs polarity as compared to the original PS-DVB polymers [67, 69] . The vibrational frequencies for single water molecules associated to ILs have also been used to measure the polarity of SILLPs by the methodology recently described by Ludwig et al. -as counterion. Nonetheless, imidazolium alkyl substitution has a lower influence on polarity than the anion. Thus, micropolarities at the SILLPs surface essentially maintain the same bulk ILs polarity. Hence, they might be regarded as "solid solvents" or as nanostructured materials with microenvironments of tuneable polarity able to immobilised and stabilise catalytic species.
SILLPs have successfully been used as supports for metal catalysts [71] and as supported organocatalysts [72] . Furthermore, SILPs can also be used to develop enzymatic catalysed processes in scCO 2 (see Fig. 14) . Bioreactors with covalently supported ionic liquid-like phases (SILLP) were prepared as styrene-divinylbenzene based polymeric monoliths, containing imidazolium units with loadings ranging from ca. 55 to 40% wt IL per gram of polymer. It resulted in a liquid phase coating of the solid support surface. These SILLPs were able to adsorb CALB, leading to highly efficient and robust heterogeneous biocatalysts. The macroporous monolithic bioreactors were tested as mini-flow systems for the continuous flow transesterification leading to citronellyl propionate in scCO 2 at 100 bar and 40-100ºC. The catalytic activity of these mini-flowbioreactors remained nearly unchanged for seven operational cycles of 5 h each in different supercritical conditions [73] .
Alternatively, PS-DVB polymers beads modified with ionic liquid like moieties can be synthesized by grafting butyl imidazole onto a commercial bead-type Merrifield resin leading to the corresponding SILLPs and use for immobilisation and stabilisation of CALB. All the supported enzymes were able to catalyse the selective formation of (R)-1-phenylethyl propionate with excellent enantiomeric excess (e.e. above 99.9%) in conventional solvents such hexane. However, the catalytic efficiency of the different immobilised enzymes was clearly dependent of the characteristics of the SILLPs as can be appreciated in Fig. (14) . Both counterion nature and loading have a dramatic effect on the corresponding biocatalyst specific activity. Similar results were found for highly cross-linked (macroporous) polymers having butylimidazolium choride groups, which present a higher mechanical resistance than gel-type resins. Accordingly they can be more suitable for flow processes allowing for an easy design of a fix-bed reactor to perform the KR under flow conditions. Besides, this set-up facilitates the substitution of a traditional, relatively toxic, solvent (n-hexane) by a non toxic one such as scCO 2 . Continuous KR of phenylethanol in scCO 2 at 50ºC and 10 MPa lead to 50% of conversion in enantiopure product even for an extended period of time, involving up to 6 days of continuous use.
In another example pushing towards the growing of greener synthetic biocatalytic platform, CALB-SILLPs derivatives were combined with solid acids, such as zeolites, to carry out the DKR of the phenylethanol by using a single reactor in continuous way. In this reactor, both the immobilized enzyme and zeolite were mixed together to perform a "one-pot" catalytic system in scCO 2 (see Fig.  15 ). By using this approach, several "one pot" single columnar minireactors were assembled by loading the corresponding column with a mixture of CALB-SILLP and an acid catalysts (e.g. zeolite CP811E-150) [67] . To improve the selectivity of the chemical catalysts, zeolite was coated with a small amount of an IL (i.e.
[BMIM][PF 6 ]). However, unlike commercial supported enzyme (for example Novozyme 435), CALB immobilised onto supported ionic liquid like phases (CALB-SILLPs), does not require additional coating with an ionic liquid layer to achieve good activity and stability. The optimisation of the experimental conditions (flow, pressure, temperature, etc.) increased yields of the desired product up to 92% with e.e. >99.9% for the continuous DKR of racphenylethanol with vinyl propionate in scCO 2 [74] .
CONTINUOUS CATALYTIC PROCESSES IN MICRO-FLOW SYSTEMS
Continuous micro-or mini-flow systems can be quite useful also for homogeneous or heterogeneous transition metal catalysed reactions which employ ILs and (or) scCO 2 as the reaction medium. In the case of homogeneous catalysis, catalyst immobilization in the ILs offers attractive advantages in terms of reactivity and selectivity and since this would facilitate the separation of both the catalyst and reaction media from the products. Such a system has been described by Ryu et al. [75] for Pd-catalysed Sonogashira and Mizoroki-Heck coupling reactions in a low-viscosity ionic liquid, [Bmim][NTf 2 ] which involves the reaction, separation of the product and catalyst, and good recycling of the catalyst in a continuous microsystem. In this example, the ionic phase, which contained Pd catalyst, could be continuously recycled to provide an overall yield of 80% (115.3 g, 10 g/h) of the desired product (butyl cinnamate) (see Fig. 16 ). Similarly, Pd-catalyzed carbonylation under low pressure using an ionic liquid as a recyclable catalytic phase has also been described using a multiphase microsystem [76] . Superior selectivity and higher yields in both carbonylative Sonogashira coupling and amidation reactions of aryl iodides, as compared to the conventional batch system, have been demonstrated. The results clearly demonstrate that liquid-gas segmented microflow offered excellent selectivity and high yields for carbonylation reactions even when conducted at relatively lower CO 2 pressures.
However the use VOS (e.g. hexane) for the isolation of the products and separation and recycling of IL-catalytic phase is a major drawback in terms of sustainability. In this regard and to overcome such problems, supported ionic liquid like phases (SILLPs), where palladium nanoparticles are immobilised and stabilised (PdNPs-SILLPs), can be also considered as efficient alternative to develop more environmentally friendly processes [71b] . The presence of the ILs-like units in the SILLPs plays an important role in the capture and stabilisation of the active Pd species. The PdNPsSILLPs materials allow the substitution of classical solvents such as DMF by more benign solvents like near-critical ethanol. Thus, monolithic mini-flow continuous reactors were developed for C-C coupling reactions catalysed by supported PdNPs in scEtOH. The presence of IL-like moieties in the polymer helps to stabilise the Pd(0) reducing the leaching. Hence continuous catalytic system is stable during moths without an appreciable reduction on activity.
A continuous-flow catalytic system based on the combination of ionic liquids and scCO 2 owing to their complementary properties offers new intriguing possibilities for catalytic synthesis, because of the ability of scCO 2 to extract organic substances from an ionic liquid phase without any cross-contamination of the extract with the ionic liquid [7] . This biphasic system was used for the hydrovinylation of styrene catalysed by an immobilised Ni-catalyst in a continuous flow system [77] . The ILs in combination with scCO 2 pro- vides an attractive approach to environmentally benign processes where product separation from the catalyst is an easy operation. Another advantage of using such a mixture resides in the decrease of the ionic catalyst solution viscosity, thus facilitating mass transfer during the catalytic reaction. Finally, the use of scCO 2 as the mobile phase enables a reactor design that is very similar to a classical fixed-bed reactor.
Most processes involving heterogeneous catalysis are batch processes. One important reason for that is that the efficient immobilisation of a heterogeneous catalyst in a fixed bed reactor avoiding leaching of the precious catalyst during continuous operation is an arduous task. An interesting continuous Rh-catalysed hydroformylation of 1-octene in the biphasic system [BMIM][PF 6 ]/scCO 2 has been developed by Cole-Hamilton and co-workers [78] . This special phase behaviour has been successfully applied to other continuous catalytic reactions such as Ni-catalysed enantioselective hydrovinylation.
The SILP concept has also been applied for the continuous Rhcatalysed hydroformylation of propene in a gas-phase reaction [79] . OSO 3 ], were prepared just by impregnation of silica gel 100. Three different ligands were tested for the gas-phase propene hydroformylation in a continuous fixed-bed reactor. The SILP system maintained an excellent level of activity up to 60 h. Moreover, the SILP system showed very stable selectivity with n/iso isomeric ratio remaining as high as 21 after 60 h.
Recently, the use of scCO 2 as mobile phase over SILP catalysts has also been used for the asymmetric hydrogenation of dimethyl itaconate with chiral organometallic catalysts, allowing mild reaction conditions and making the use of organic solvents or additional purification steps unnecessary (Fig. 17) . The commercially available (S a ,R c )-1-naphthyl-QUINAPHOS and the ionic liquid [EMIM][NTf 2 ] (EMIM=1-ethyl-3-methylimidazolium) gave the best results for the SILP-catalyst system [80] .
Effective catalyst immobilization with integrated product separation was achieved in an efficient flow process at high space-timeyields. The amounts of valuable catalysts and ILs that are required are very small, rendering such processes economically and environmentally attractive. The modularity of the SILP-scCO 2 combination offers a great potential for further optimization on both the molecular and the engineering level to further increase productivity and catalyst stability.
CONCLUSIONS
To develop a clean and sustainable chemical industry, the transfer of the exquisite catalytic efficiency shown by enzymes in Nature to chemical processes is an important challenge. Enzymes constitute the most important toolbox for green organic synthesis, and the interest for application at an industrial scale is beyond doubt. Furthermore, the technological applications of enzymes are enhanced in non-aqueous environments, because of the resulting expansion in the repertoire of enzyme-catalyzed transformations to contribute for the development of green highly selective synthesis of chiral products of high commercial value.
A further improvement in this area comes from the combination of (bio)catalysis with the use of neoteric solvents, such as scCO 2 and ILs, and the synergetic combination of both. These systems can contributed not only to the stabilization and easy recycling of the biocatalysts, but also in the combination with systems under flow conditions to further processes improvements. Many different approaches can be used for this purpose, but the preparation of columnar reactors is becoming the most usual alternative. The main advantages associated to the use of continuous flow conditions * involve a higher mechanical and long term stability of the supported catalysts, as well as the achievement of much higher space time yields and productivities. Similar improvements apply to both biocatalysis and chemocatalysts, and the immobilization on supported ionic liquids (SILPS or SILLPs) offer new opportunities for practical applications. A critical key to successfully implement of all these methodologies in chemical manufacturing is the integration of several catalytic steps in multi-step organic syntheses and downstream processing without the need to isolate intermediates, mimicking the metabolic pathways found in Nature. Thus, continuous flow multi-enzymatic and/or multi-chemoenzymatic green chemical processes in multiphase systems for synthesizing pharmaceutical drugs should be developed in the near future.
